Borrelia miyamotoi and Babesia venatorum were detected only in males in both midgut and 48 salivary glands. Among all collected ticks, between 10 and 21% of organs were co-infected. 49
Tick midgut and salivary glands represent the primary organs for pathogen acquisition and 31 transmission, respectively. Specifically, the midgut is the first organ to have contact with 32 pathogens during the blood meal uptake, while salivary glands along with their secretions 33 play a crucial role in pathogen transmission to the host. Currently there is little data about 34 pathogen composition and prevalences in I. ricinus midgut and salivary glands. The present 35 study investigated the presence of 32 pathogen species in the midgut and salivary glands of 36 unfed I. ricinus males and females using high-throughput microfluidic real-time PCR. Such 37 an approach is important for enriching the knowledge about pathogen distribution in distinct 38 tick organs which should lead to a better understanding I. ricinus-borne disease epidemiology. 39
Results

41
Borrelia lusitaniae, Borrelia spielmanii, and Borrelia garinii, were detected in both midgut 42 and salivary glands suggesting that the migration of these pathogens between these two 43 organs might not be triggered by the blood meal. In contrast, Borrelia afzelii was detected 44 only in the tick midgut. Anaplasma phagocytophilum and Rickettsia helvetica were the most 45 frequently detected in ticks and were found in both males and females in the midgut and 46 salivary glands. In contrast, Rickettsia felis was only detected in salivary glands. Finally 47 Introduction 66 67
Ticks are vectors of a large number of pathogenic microorganisms including bacteria, 68 protozoa, and viruses, which cause serious diseases in both humans and animals. Raileanu et al., 2017) . This information is crucial considering that different co-infection 79 combinations in humans and animals are highly likely to alter disease symptoms and severity 80 (i.e. Grunwaldt et al., 1983; Golightly et al., 1989 , Swanson et al., 2007 , Diuk-Wasser et al., 81 2016 . The vast majority of reports focusing on pathogen detection in I. ricinus have 82 investigated intact bodies of adult ticks or pools of nymphs, however such methods cannot 83 take into account organ-specific pathogen distribution. This information becomes significant 84 as tick midgut and salivary glands act as specific and distinct barriers to efficient pathogen 85 transmission, and are thus the main determinants influencing the acquisition, maintenance, 86 and transmission of pathogens by ticks. Salivary glands may be co-infected by several 87 different pathogens which can then be transmitted to the vertebrate host during blood feeding 88 along with salivary secretions (Santos et al., 2002 , Futse et al., 2003 , Popov et al., 2007 . 89
Moreover, the tick midgut presents a pivotal microbial entry point and determines pathogen 90 colonization and survival in the tick (Narasimhan et al., 2014) . The common pathogenic 91 lifecycle within the tick vector starts with ingestion of the infected host blood, pathogen 92 migration through the gut to the haemocoel, transport into and infection of the salivary glands, 93 then transmission to another host during the next blood meal. This pathway can vary 94 depending on the pathogenic agent. For example, Borrelia and Bartonella species are known 95 to be "stored" in the gut and migrate to the salivary glands during the next blood meal (see in 96
Piesman and Schneider 2002), thus suggesting that blood meals trigger this migration from 97 the midgut. In contrast, Anaplasma and Ehrlichia species are able to replicate in the midgut 98 and migrate to the salivary glands in unfed ticks (Ueti et al., 2007) . The 99 infection/transmission cycle of Babesia species is similar to that of this second group, except 100 that tick tissues are infected by different parasitic developmental stages (Hajdusek et al., 101 2013) . While multiple different pathogens are now known to co-infect whole I. ricinus ticks, 102 it is critical to identify pathogen presence at a finer scale in tick organs, to deepen our 103 knowledge on pathogen associations and transmission and offer new insights into TBP and 104 tick-borne diseases. By testing for the presence of 32 TBP species in both midgut and salivary 105 glands of I. ricinus males and females using the microfluidic real-time PCR approach, we aim 106 to detect pathogens in both of these key tick organs intimately involved in pathogen 107 acquisition and transmission. Our study has consequently generated new hypotheses to 108 understand TBP transmission. 109
110
Material and Methods 111 112
Tick collection and organ dissection 113 114
A total of 30 female and 30 male questing I. ricinus ticks were collected in May 2017 by 115 flagging in the Senart forest (48°40′N, 2°29′E), south of Paris, France. Females and males 116 were placed in separate sampling tubes. Before dissection, all ticks were washed once in 70% 117 ethanol for 5 min and twice in distilled water for 5 min (Michelet et al., 2014) . Tick organs, 118 midgut and salivary glands, were then dissected in ice-cold PBS (pH = 7.2). The 120 samples 119
were then conserved at -80°C until the DNA extraction. 120
121
DNA extraction 122 123
Tissue samples were individually crushed with glass beads using the homogeniser 124
Precellys®24 Dual at 5500 rpm for 20 s. Genomic DNA was then extracted using the 125 spp. were also tested. For parasites (Apicomplexa), seven species of Babesia were tested: B. and 3% respectively) and salivary glands (7%, 3%, and 3% respectively) ( Figure 2 , Table 1) It is also important to note that 20% of males and 24% of females were co-infected. In males, 182 10% of midgut and 17% of salivary gland samples were co-infected ( Figure 3 ). In females, 183 17% of midgut and 21% of salivary gland samples were co-infected ( Figure 3 ). The most 184 common co-infection in both salivary glands and midgut of males and females was R. strains in female salivary glands prior to blood meals, and also showed that these bacteria 203 could infect mice within 24 h of tick bite. We also note that in our study, the presence of these 204 different B. burgdorferi sl genospecies in salivary glands could also be explained if not all 205 bacteria were transmitted to the host, and that residual bacteria thus remained in salivary 206 glands after moulting. In this case, their persistence in the salivary glands of unfed ticks 207 would suggest that this organ could also be, as for the midgut, a potential reservoir for these 208 spirochetes. Whichever the hypothesis, this result contributes important information to the 209 understanding of tick-borne pathogen transmission as it suggests that several species of the 210 Borrelia burgdorferi sl complex could be rapidly transmitted after tick bite. 211
Pathogen location and migration in ticks 212
Interestingly-and as has been previously observed for the other B. burgdorferi sl 213 genospecies-B. afzelii were only detected in females, and exclusively in the midgut. These We detected R. helvetica and A. phagocytophilum in males and females in both salivary 221 glands and midgut, and both of these pathogenic agents were the most frequently detected in 222 the collected ticks. Their ubiquity and high proportions in tick organs suggest that they could 223 be well adapted to the different environmental conditions characterising both salivary glands 224 and midgut, and thus may be stronger competitors than other pathogen species. Several 225 studies have shown low A. phagocytophilum prevalence or titter in the salivary glands of 226 unfed ticks (e.g. Alberdi et al., 1998) suggesting that pre-feeding ticks may induce bacterial 227 replication. As "pre-feeding" is probably a rare event in the field, and that it is unlikely that all 228 the questing ticks infected by A. phagocytophylum-approximately 20% of infected ticks-229 were pre-fed, our results suggest that this bacteria could already be present in the salivary 230 glands of unfed ticks at high infection rates. On the other hand, detecting R. helvetica in 231 questing I. ricinus is not surprising as their potential presence in this tick species is well 232 established. However, no clear evidence of their transmission by ticks is currently available. 233
Detecting this pathogen in salivary glands is an important epidemiological result as it 234
represents an additional indirect argument that this pathogen could be transmitted by tick bites. 235 For each tick infected by A. phagocytophilum and R. helvetica, these bacteria were most often 236 simultaneously detected in both midgut and salivary glands and only sometimes in either the 237 midgut or salivary glands alone. These results are important in terms of pathogen transmission 238 as they suggest that not all bacterial cells migrate together from the midgut to salivary glands, 239 and that some infected females (with pathogens only in the midgut) would not necessarily be 240 infectious. In contrast to R. helvetica, we only detected R. felis in the salivary glands of both 241 males and females. R. felis is known to be mainly transmitted from cat to cat via fleas, with 242 human contamination arising from cat or flea bites. Already detected in engorged 243 Wagemaker et al., 2017). Interestingly, these pathogenic agents were found in both salivary 260 glands and midgut, suggesting-particularly for B. miyamotoi-that migration from midgut to 261 salivary glands is not triggered by a blood meal. Detecting these pathogens in salivary glands 262 is particularly significant in terms of public and animal health. Indeed, in the event that 263 females are infected with these pathogens (i.e. Moutailler et al., 2016 , Diaz et al., 2017 , it 264 seems that both organs could be potential reservoirs for these pathogenic agents, thus 265 potentially facilitating rapid transmission after tick bite. It will of course be necessary to 266 verify whether the B. venatorum parasites residing in salivary glands are actually infectious. 267
Potential associations between pathogens 268
We note finally that among all infected ticks, co-infections were observed in 20% of males 269 and 24% of females. At a finer scale, between 10 and 21% of organs were co-infected. With 270 detection tools becoming more sensitive and efficient, tick co-infections are observed with 271 greater frequency (Halos et al., 2005 , Schicht et al., 2011 , Andersson et al., 2013 , Cosson et 272 al., 2014 , Castro et al., 2015 , Moutailler et al., 2016 , Raileanu et al., 2017 , suggesting that 273 tick co-infection is the rule rather than the exception (Moutailler et al., 2016) . In this study, 274 this hypothesis could also be extended to the level of individual tick organs. These validate our hypotheses. This study represents another step towards generating improved 293 control methods for tick-borne diseases and highlights the importance of investigating TBP 294 infection at all scales (i.e. whole ticks vs organs) to better understand the ecology and 295 epidemiology of tick-borne diseases. To identify the microbiota influence on pathogens, it 296 would be interesting to characterise the microbiota in both I. ricinus male and female salivary 297 glands and midgut to detect potential co-occurrences between pathogens and other microbes. 298 299 300
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